The field of solution processed organic--inorganic halide perovskite based optoelectronics has emerged in the last couple of years.^[@ref1]−[@ref6]^ This was initially driven by solar cells based on organo-lead halide perovskite that now demonstrate power conversion efficiencies of above 20%.^[@ref7]^ Thin films based on the mixed-halide CH~3~NH~3~Pb(I~*x*~Cl~1--*x*~)~3~ version of these perovskite materials also feature high photoluminescence quantum yield (PLQE).^[@ref8]^ The demonstration of these high radiative emission efficiencies led to the development of bright light emitting diodes (LEDs) and optically pumped lasers.^[@ref5],[@ref8],[@ref9]^ There are recent reports that the optical bandgap of lead halide perovskites can be tuned in the visible range of ∼550--780 nm through the use of solid solutions of bromide-iodide mixed halides.^[@ref10]−[@ref12]^ These solid solution based thin films can be easily prepared by varying the ratio of the two individual pure trihalide perovskite solutions mixed together (for example, CH~3~NH~3~PbI~3~ and CH~3~NH~3~PbBr~3~). However, tuning the bandgap in the blue--green region using solution processed chloride--bromide mixed halide perovskites has been a challenging task, given the low solubility of the chloride containing precursor materials (CH~3~NH~3~Cl and PbCl~2~) in regularly used solvents like *N*,*N*-dimethylformamide (DMF). We here make use of mixed solvents DMF and dimethyl sulfoxide (DMSO) along with an organic lead source of lead acetate Pb(CH~3~COO)~2~ to achieve the solution processability of the chloride containing precursor materials. Realizing such large bandgap solution processed semiconductors is of great importance given their utility in making tandem solar cells and making LEDs which emit in the blue-green range of the visible spectrum.

Here, we demonstrate bandgap tuning of the CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskites in the UV--visible (UV--vis) range of ∼3.1--2.3 eV. We tuned the bandgap in this range by varying the chloride to bromide ratios in the CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskites, which are solution processed from their respective precursor solutions. These solution processed mixed chloride--bromide films were further characterized using X-ray diffraction (XRD), photothermal deflection spectroscopy (PDS), time-resolved photoluminescence (TRPL), and energy dispersive X-ray (EDX) measurements. These mixed chloride--bromide perovskites provide a way to realize solution processed large bandgap perovskite solar cells to combine with small bandgap perovskite solar cells in tandem architecture. Furthermore, these perovskites allow blue LEDs to be realized, which have proven to be a difficult task with gallium nitride (GaN) being the only widely used option for commercial application. We here demonstrate the use of the CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ perovskites in the fabrication of LEDs with color tunability dependent on the composition, and for CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[*x* \< 0.6\] we demonstrate blue LEDs with narrow emission full-width at half maxima (FWHM).

Bandgap tuning in the CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskites was achieved by substitution of Br and Cl ions in the precursor solutions. We prepared perovskite precursor solutions with two different organic (CH~3~NH~3~X) to inorganic (Pb(CH~3~COO)~2~) molar ratios---3:1 and 5:1 organic to inorganic (for detailed description of material preparation refer to the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02369/suppl_file/nl5b02369_si_001.pdf)). We note that these ratios correspond respectively to (1) a stoichiometric solution and (2) one with an excess of CH~3~NH~3~X, and these are analogous to the 1:1 and 3:1 ratios for methylammonium halide and lead halide starting materials typically used.^[@ref5],[@ref13],[@ref14]^ The photophysical properties of the 3:1 molar starting ratio perovskite samples are summarized in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02369/suppl_file/nl5b02369_si_001.pdf) (Figures S1, S2, and S3). In brief, we observe a monotonic blue shift in the bandgap with decreasing bromide content and increasing chloride content in the CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskites. X-ray diffraction of the CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ films formed using the stoichiometric solution indicates formation of a cubic perovskite, space group *Pm3m*, across the entire composition range \[0 ≤ *x* ≤ 1\]. In agreement with Vegard's law, a monotonic decrease in the lattice parameter with increasing chloride content is observed. These 3:1 molar staring ratio perovskite materials could be useful in solar cell applications as their band-edges are sharper with clean sub-bandgap and narrow XRD diffraction peaks (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02369/suppl_file/nl5b02369_si_001.pdf), Figures S1, S2, and S3 for PDS and XRD spectra). However, for luminescence applications, we use 5:1 organic to inorganic molar starting ratio perovskite materials analogous to the materials used to make efficient perovskite LEDs previously,^[@ref5],[@ref14]−[@ref17]^ and these are described in detail as follows.

EDX measurements were performed (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02369/suppl_file/nl5b02369_si_001.pdf), Figure S4) to determine the nominal halide composition in the 5:1 organic-to-inorganic molar starting ratio based CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films spin-coated onto quartz substrates, and it was found that the halide content in films is similar to that in the precursor mixture solutions within the detection error limits of the measurement (±5%). Henceforth, the composition indicated in rest of the manuscript is that of the respective perovskite films.

The optical properties of 5:1 organic-to-inorganic molar starting ratio based CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films spin-coated onto quartz substrates were measured. The absorption spectra in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a show a monotonic blue shift in the bandgap of these films with decreasing bromide content (or increasing chloride content), from a band-edge of around 530 nm for 0% chloride sample (CH~3~NH~3~PbBr~3~) to 400 nm for the 100% chloride sample (CH~3~NH~3~PbCl~3~). To analyze the quality of semiconductor formed, we performed PDS measurements to probe the sub-bandgap absorption of our perovskite films. PDS is a highly sensitive absorption measurement technique capable of measuring absorbances down to 10^--5^ and is not subject to optical effects, such as light scattering, reflection, and interference effects at the substrate/material interface. PDS has been extensively used to study various organo-metal halide perovskites to measure the sub-bandgap defect states, degradation, and energetic disorder in the form of Urbach energy.^[@ref5],[@ref12],[@ref13],[@ref18]−[@ref20]^ The PDS spectra for the 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c, which shows a blue shift in the bandgap with increasing chloride content in the perovskite films. We find that all of these perovskite films have sharp band edges and clean sub-bandgap absorption indicating the superior quality of the semiconductor formed. Steady-state PL spectra of the 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskites were measured ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). We observe a systematic blue shift in the PL spectra with increasing chloride content from 543 nm for 0% chloride perovskite (CH~3~NH~3~PbBr~3~) to 428 nm for 100% chloride perovskite (CH~3~NH~3~PbCl~3~). The PL and the PDS spectra demonstrate that the resulting CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films demonstrate a single optically active phase. This finding supports our observation of a clean bandgap in these films.

![(a) UV--visible absorption spectra and (b) normalized photoluminescence spectra for the 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite thin films with different chloride--bromide ratios as indicated. Excitation for PL was performed with a pulsed laser system at 3.1 eV photon energy and 100 fs pulse length, and PL spectra have been normalized to the peak emission. (c) PDS spectra showing sharp band edges and a clean bandgap.](nl-2015-02369n_0001){#fig1}

XRD studies of the CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films formed using the 5:1 molar starting ratio solutions ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), indicate the formation of a cubic phase, space group *Pm3m*, across the composition range (for full XRD spectra see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02369/suppl_file/nl5b02369_si_001.pdf), Figure S5). Quantitative analysis to determine the lattice parameters was carried out using a Le Bail analysis,^[@ref21]^ in the Fullprof suite of programmes;^[@ref22]^ preferential alignment in the films prevents a full analysis of the crystal structure. As the chloride content increases, the peaks in the diffraction pattern shift to higher scattering angle, 2θ, as would be expected when bromide is replaced by smaller chloride ions. At low chloride concentrations (20--40% Cl) the high angle peaks at 30--31.5° 2θ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) are observed to split, indicating the formation of cubic perovskites with more than one lattice parameter. Given the monotonic variation in the lattice parameters in the 3:1 films with composition, this is most likely to arise as a result of bulk phase segregation into perovskite crystals with different ratios of halides with composition within 10% of the initial starting solution. From the current analysis, it is not possible to determine the relative phase fraction of the perovskites formed and so it is not possible to quantify the extent of the phase segregation. At higher chloride concentrations (*x* \> 0.4) a single perovskite phase is seen in the XRD patterns; however, the broadening of the reflections may indicate some less extensive phase segregation.

![(a) XRD patterns showing the evolution of the (200) reflection as a function of composition for 5:1 molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite thin films showing diffraction pattern shift to higher scattering angle, 2θ with increasing chloride content. (b) Changes of normalized lattice parameters for 5:1 (closed squares) and 3:1 (closed triangles) organic-to-inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite thin films and PL peak position with change in composition for the same films. (c) Plot of normalized PL intensity versus time for same films. (d) Comparison of the change in FWHM of the PL emission peak, (200) XRD reflection, and the Urbach energy calculated from PDS measurements for the same films. The normalized lattice parameter and XRD FWHM show two data points for 20% and 40% chloride samples each, and these values are for the split phases observed in the XRD of these samples. Excitation for PL was performed with a pulsed laser system at 3.1 eV photon energy and 100 fs pulse length.](nl-2015-02369n_0002){#fig2}

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, we compare the change in the PL peak positions alongside the extracted normalized lattice parameters, where both follow a linear trend with the changing chloride fraction for the 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films. We further measured the photoluminescence kinetics of the 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c) which show single bimolecular decays for the 0% chloride film (CH~3~NH~3~PbBr~3~) and also for films down to 60% chloride sample, similar to what was reported previously for bromide--iodide mixed halide perovskite materials.^[@ref8],[@ref12]^ Films with 80% and 100% chloride content both show faster kinetics than the films with lower chloride content.

The Urbach energies were measured for all of the 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films using the PDS spectra. Urbach energy "*E*~U~" is an empirical parameter that gives an indication of the energetic disorder for a given semiconductor.^[@ref23],[@ref24]^ The Urbach energy is derived from the PDS absorption data by using the following expression: *A* = *A*~0~ exp((*E -- E*~g~)/*E*~U~), where *A* is the absorbance, *A*~0~ is a constant, and *E*~g~ is the bandgap of the material.^[@ref12],[@ref24],[@ref25]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d shows the correlation between the extracted Urbach energies and the full width at half maxima (FWHM) of the PL spectra and the (200) XRD reflection of the 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films with various chloride content. It can be seen that the Urbach energy is the lowest for the 0% chloride (CH~3~NH~3~PbBr~3~) sample at 20 meV and increases monotonically with increasing chloride content to 41 meV for the 80% chloride film and then drops down to 31 meV for the 100% chloride sample (CH~3~NH~3~PbCl~3~). We also observe a similar trend in the PL with a minimum for the 0% chloride (CH~3~NH~3~PbBr~3~) and 80% chloride (CH~3~NH~3~Pb(Br~0.2~Cl~0.8~)~3~) samples at 142 and 124 meV, respectively. Furthermore, the PL FWHM increases monotonically with increasing chloride content in the films to reach a maximum of 167 meV for 60% chloride sample (CH~3~NH~3~Pb(Br~0.4~Cl~0.6~)~3~). The FWHM of a process (absorption and emission) is generally indicative of the magnitude of disorder experienced by the excited carriers in the energetic landscape around them. Interestingly, the FWHM of the (200) reflection XRD shows similar trend as the PL FWHM and Urbach energy. This similarity in the trends between Urbach energy, PL FWHM and XRD FWHM, indicates the possibility that the energetic disorder experienced by the absorptive and emissive species are similar and are related to the structural disorder.

In order to demonstrate the potential application of these CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films in optoelectronic devices, we fabricated light-emitting diodes using these 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite films. The device structure used in this work is ITO/Mg:ZnO/CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~/CBP/MoO~*x*~/Au, where a combination of indium tin oxide (ITO) coated glass substrate and 50 nm ZnO followed by 10 nm zinc magnesium oxide (Mg:ZnO) forms the electron selective contact and the combination of 25 nm 4,4′-Bis(*N*-carbazolyl)-1,1′-biphenyl (CBP), 15 nm molybdenum trioxide, and 100 nm gold (Au) electrode act as a hole-selective contact. This device structure is depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a along with the energy levels. The energy levels of the perovskite films were measured using Ultraviolet photoelectron spectroscopy (UPS) (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02369/suppl_file/nl5b02369_si_001.pdf), Figure S6) and all other energy levels were obtained from various literature reports.^[@ref26],[@ref27]^ We measured the electroluminescence (EL) spectra for devices with varying chloride content, CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). At room temperature weak or no EL could be measured except for the 0% chloride (CH~3~NH~3~PbBr~3~) based perovskite LED device which gave us a peak external quantum efficiency (EQE) of around 0.1% at ∼6 V which is comparable to previous reports.^[@ref5],[@ref28]^ This LED demonstrated a near bandgap turn on at around 2.2 V indicating efficient and balanced charge injection in the device. The other LEDs containing different chloride content other than 0% chloride did not show weak or no measurable EL emission at room temperature. However, on cooling below 200 K, EL is observed in devices containing the mixed halide, 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* \< 1\], perovskite films. The EQE could not be measured at low temperatures due to experimental difficulties. Nevertheless, we compare the peak forward emission intensity of the 100% bromide (CH~3~NH~3~PbBr~3~) device at room temperature and 77 K ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) which is indicative of the device performance at the measured temperatures. From [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c and d, we observe that the turn on voltage remains at 2.2--3 V even at 77 K---similar to what we observe at room temperature. This is an interesting observation given the device turn on voltages for conventional organic LEDs (OLEDs) increases with decreases in temperature.^[@ref29]^ The forward emission intensity of this device also increases at low temperatures, indicating the improvement in the photoluminescence quantum efficiency (PLQE) at low temperatures due to a potential reduction in nonradiative recombination pathways at low temperatures.^[@ref30]^

![(a) Device structure of the perovskite LEDs. (b) Normalized EL spectra of the 5:1 organic to inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1−*x*~)~3~ \[0 ≤ *x* ≤ 1\] perovskite thin film based LEDs with different chloride−bromide ratios as indicated and measured at 77 K. These LEDs were fabricated in a device structure comprising of ITO/Mg:ZnO/perovskite/CBP/MoO~*x*~/Au and they demonstrate high color purity and emission tunability with change in composition. (c) Current density and external quantum efficiency curves for the 0% chloride (CH~3~NH~3~PbBr~3~) LED measured at room temperature (300 K) and (d) the forward emission of this LED with respect to bias voltage for the same device at room (300 K) and liquid nitrogen (77 K) temperatures.](nl-2015-02369n_0003){#fig3}

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b we demonstrate the ability to tune the bandgap and emission wavelength of the LEDs based on the mixed halide, 5:1 organic-to-inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* \< 1\], perovskite films which were measured at liquid nitrogen temperatures (77 K). The EL emission wavelength monotonically changes from 570 nm for 0% chloride (CH~3~NH~3~PbBr~3~) based LED to 427 nm for the 100% chloride LED (CH~3~NH~3~PbCl~3~). One notable observation is the narrow 5 nm EL FWHM for the 100% chloride (CH~3~NH~3~PbCl~3~) perovskite based LED, which to our knowledge is one of the lowest FWHM observed to date for any solution processed material.^[@ref5],[@ref14],[@ref17],[@ref28],[@ref31]^

The reason for the materials with large bandgap not showing any EL at room temperature could probably be the optical instability of these perovskite films. Recently, it was reported that the mixed halide bromide-iodide perovskite show optical instability under solar illumination (100 mW/cm^2^).^[@ref32]^ To rule out any such optical instability in these perovskites, we performed PL measurements on the 60% chloride (CH~3~NH~3~Pb(Br~0.4~Cl~0.6~)~3~) sample before and immediately after a 10 min exposure under 1 sun illumination (100 mW/cm^2^) (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02369/suppl_file/nl5b02369_si_001.pdf), Figure S9). We found that the PL peak position does not change before and after illumination, which suggests that these 5:1 organic-to-inorganic molar starting ratio CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* \< 1\] perovskite films are optically stable. One other reason behind the lack of EL at room temperature from the LEDs fabricated using large bandgap perovskite films could be the low PLQE. We investigates this by measuring the integrated PL from the 60% chloride (CH~3~NH~3~Pb(Br~0.4~Cl~0.6~)~3~) perovskite film at low temperatures. The integrated PL from this film increases with decrease in temperature from room temperature (300 K) down to liquid nitrogen temperature (77 K). This can be inferred as an increase in PLQE at low temperatures, and this can be further inferred from the PL activation curve (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02369/suppl_file/nl5b02369_si_001.pdf), Figure S10). We observe an increase in the integrated PL intensity for the 60% chloride sample with decreasing temperature indicating the presence of efficient nonradiative processes at room temperature which are suppressed on cooling.^[@ref30]^ We estimate activation energies in the range of ∼590 meV for this thermally activated PL quenching.

Nevertheless, the fact that the LEDs based on these perovskite materials demonstrate narrow emission and low turn on voltages at low temperatures along with the color tunability is a step forward to realize high color purity tunable LEDs. Further investigation into increasing the quality and PLQE of perovskite materials can help us realize blue LEDs operating at room temperature, and this could become a potential alternative to the current industrial standard---gallium nitride (GaN) based blue LEDs.

In summary, we demonstrate bandgap tuning in the green to blue region of the visible spectrum using solution-processed CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* \< 1\] perovskites. We overcame the challenge of incorporating chloride into perovskite structures containing bromide by using mixed solvent approach and organic source of lead. These color tunable materials have been used to fabricate high color-purity, tunable LEDs with narrow FWHM emission and low turn on voltages. With further investigation into increasing the quality of mixed chloride--bromide perovskites, CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~, to enhance the PLQE, these materials may offer an alternative to current gallium nitride (GaN) based blue LED technologies.

Experimental Section {#sec2}
====================

Perovskite Precursor Mixture Solution Preparation {#sec2.1}
-------------------------------------------------

### 3:1 Molar Starting Ratio Precursor Mixture Solutions {#sec2.1.1}

CH~3~NH~3~PbBr~3~ precursor solution was synthesized by mixing CH~3~NH~3~Br and Pb(CH~3~COO)~2~ in a 3:1 molar stoichiometric ratio in DMF to obtain a 0.5 M solution. Similarly, the CH~3~NH~3~PbCl~3~ precursor solution was synthesized by mixing CH~3~NH~3~Cl and Pb(CH~3~COO)~2~ in a 3:1 molar stoichiometric ratio in a mixed solvent comprising DMSO and DMF in the ratio of 40:60 (v/v) to get a 0.5 M solution. To prepare the desired CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] precursor solutions, the above-mentioned CH~3~NH~3~PbBr~3~ and CH~3~NH~3~PbCl~3~ precursor solutions were mixed together in the required stoichiometric ratios.

### 5:1 Organic-to-Inorganic Molar Starting Ratio Precursor Mixture Solutions {#sec2.1.2}

CH~3~NH~3~PbBr~3~ precursor solution was synthesized by mixing CH~3~NH~3~Br and Pb(CH~3~COO)~2~ in a 5:1 molar stoichiometric ratio in DMF to obtain a 0.5 M solution. Similarly, the CH~3~NH~3~PbCl~3~ precursor solution was synthesized by mixing CH~3~NH~3~Cl and Pb(CH~3~COO)~2~ in a 5:1 molar stoichiometric ratio in a mixed solvent comprising DMSO and DMF in the ratio of 40:60 (v/v) to get a 0.5 M solution. To prepare the desired CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\] precursor solutions, the above-mentioned CH~3~NH~3~PbBr~3~ and CH~3~NH~3~PbCl~3~ precursor solutions were mixed together in the required stoichiometric ratios.

Device Fabrication {#sec2.2}
------------------

Prepatterned ITO substrates were cleaned using ultrasonic bath in acetone followed by isopropanol for 15 min each. The cleaned substrates were subjected to oxygen plasma cleaning for 1 min. The magnesium-doped zinc oxide films (ZnO:Mg) were deposited at 150 °C using an atmospheric pressure spatial atomic layer deposition (AP-SALD) reactor operating in chemical vapor deposition (CVD) conditions.^[@ref33]^ First, 50 nm of ZnO was deposited onto these substrates, followed by 10 nm of Zn~0.56~Mg~0.44~O on top. We used previously reported flow conditions for these depositions.^[@ref17]^ After deposition, the films were cleaned by soaking in acetone for 1 h, followed by 3 min of sonication in ethanol. All films were annealed at 400 °C for 15 min in air. Further, a 5 nm PEI layer was deposited using a 0.4 wt % solution in 2-methoxyethanol followed by annealing for 10 min at 100 °C. Desired perovskite precursor mixture solutions were spin-coated and annealed in nitrogen filled glovebox at 100 °C for 5 min. The resulting thickness of the perovskite film was in the range of 125--150 nm. We then spin-coated a 25 nm thin layer of CBP from a chlorobenzene solution. This was followed by thermal evaporation of 15 nm of MoO~*x*~ and 100 nm of gold which forms the top electrode.

LED Characterization {#sec2.3}
--------------------

Current--voltage (*I--V*) characteristics were measured using a Keithley 2400 source measure unit. The photon flux emitted during the scan was measured using a calibrated silicon photodetector, and the external quantum efficiency (EQE) was calculated assuming a Lambertian emission profile. The electroluminescence spectra were measured using an optical fiber connected to a calibrated Ocean Optics USB 2000+ spectrometer. A Oxford instruments flow cryostat was used to perform the LED measurements at low temperature with liquid helium as a cooling medium. At low temperatures, the LED was driven by manually changing the device bias and by coupling the EL output into an a gated intensified CCD camera system (Andor iStar DH740 CCI-010) connected to a grating spectrometer (Andor SR303i).

Photoluminescence and Lifetime Measurements {#sec2.4}
-------------------------------------------

Time-resolved photoluminescence measurements were taken with a gated intensified CCD camera system (Andor iStar DH740 CCI-010) connected to a grating spectrometer (Andor SR303i). Excitation was performed with femtosecond laser pulses which were generated by in a home-built setup by second order generation (SHG) in a BBO crystal form the fundamental output (pulse energy 1.55 eV, pulse length 50 fs) of a Ti:sapphire laser system (Spectra Physics Soltstice). The laser pulses generated from the SHG had photon energy of 3.1 eV, pulse length ∼100 fs.

Absorption Measurement {#sec2.5}
----------------------

Linear absorption spectra of thin-films deposited on quartz substrates were measured using Hewlett-Packard 8453 UV--vis spectrometer with blank substrate correction.

Photothermal deflection spectroscopy (PDS) technique was used for the absorption measurements. Films spun on quartz substrates were used for the measurements. PDS is a highly sensitive scatter-free surface averaged absorption measurement technique capable of measuring absorbances down to 10^--5^. A detailed description about the PDS setup can be found in Sadhanala et al.^[@ref12]^

Details of XRD Measurements {#sec2.6}
---------------------------

X-ray diffraction measurements were made on thin film samples of CH~3~NH~3~Pb(Br~*x*~Cl~1--*x*~)~3~ \[0 ≤ *x* ≤ 1\], on a Bruker D8 discover diffractometer with Cu Kα radiation, λ = 1.5403 Å. Samples were measured using a Bragg--Brentano geometry over 10 ≤ 2θ ≤ 60° with a step size of Δ2θ = 0.01°. Due to preferential alignment in the films, a complete structural analysis was not possible. Instead, the symmetry and lattice parameters were modeled using a Le Bail analysis in the Fullprof suite of programmes. Backgrounds fit were using a refined interpolation of points, and the peak shape was modeled using a pseudo-Voigt function.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.5b02369](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b02369).Additional figures, including EDX, PDS absorption spectra, XRD spectra, and SEM images ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02369/suppl_file/nl5b02369_si_001.pdf))
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